Abstract-Catalytic hydrolytic reaction of ammonia borane (AB) is regarded as safe and efficient way to produce hydrogen. However, the development of heterogeneous catalysts with both high catalytic performance and low cost for this hydrolytic reaction is still a great challenge. In this work, we have developed a novel catalyst for the hydrolysis of ammonia borane, Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets composed of nanoparticles, which was characterized by X-ray powder diffractometer, field emission scanning electron microscope, transmission electron microscope, and volumetric analyzer. In the AB hydrolysis, the hydrogen production rate will increase as the increase the NaOH dosage. At NaOH dosage of 1.6 g, the turnover frequency is 4.8 mol hydrogen min -1 mol cat -1 . It is also found that a high catalyst dosage and a high reaction temperature are favorable for the fast hydrogen release from AB solution.
INTRODUCTION
The excessive consumption of fossil fuels in the word causes serious environmental pollution and greenhouse effect. It is inevitable for our human being to cut down the usage of fossil fuels and replace these nonrenewable resources with other clean, renewable energy. Hydrogen is regarded as an ideal energy carrier, which has several advantages including its high energy density, together with the environmental benign nature [1, 2] . Recently, different methods have been developed and implemented to produce hydrogen [3] [4] [5] [6] [7] . Among them, the production of hydrogen by the catalytic dehydrogenation of ammonia borane (AB, NH 3 BH 3 ) in aqueous solution has received special attention because AB is an excellent hydrogen-storage material with a high gravimetric hydrogen content of up to 19.6 wt% (nearly 5 times higher than that of traditional metal hydride materials). This value is several times higher than the target for the year of 2020 set by the U.S. Department of Energy (currently set at 5.5 wt% H 2 ) [8] . At room temperature, AB is very stable in aqueous solution. However, the hydrolysis of AB only occurs and hydrogen can be continuously produced in the presence of a proper catalyst. The heterogeneous catalysts towards the AB hydrolysis can be classed into two groups. The first group is the noble metal or alloy catalyst, such as Pt [9, 10] , Ru [11, 12] and PdPt [13] . It has been well demonstrated that these catalysts exhibit high activity towards the AB hydrolysis. However, the high cost of these catalysts hinders their industrial applications. Although their cost can be slightly reduced by alloying the noble metal with cheaper metals, such as Cu and Co [14, 15] , the resulted alloy catalysts is still not costeffective. The second group is the noble-metal-free catalysts, such as Co [16] , Ni [17] and their alloys [18, 19] . Generally speaking, this group of catalysts shows relatively low catalytic activity and poor stability in contrast to noble metal catalysts, which cannot meet the requirement for practical applications. In this sense, the development of other types of catalyst for the AB hydrolysis is highly desirable.
In this work, we have prepared Ca 0. 
II. EXPERIMENTAL

A. Synthesis
Ultrapure water was used all throughout the experiments. All reagents were of nalytic Grade (AR). For the synthesis of Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets, 4.0 mmol CoCl 2, 1.0 mmol MgCl 2 and 1.0 mmol CaCl 2 were mixed in 20 mL water under stirring. 24 mmol urea was dissolved in 40 mL water. After these two solutions were mixed, the resultant transparent solution was poured in a Teflon-lined stainless autoclave, which was sealed and then place into a drying oven at 160 °C for 8 h. The resulted power in the bottom of autoclave was collected and calcined at 500 °C for 5 h.
B. Characterization
The phase and purity of the samples were analyzed by using a X-ray powder Diffractometer (XRD) (TTR3, Regaku, Japan) with a Cu Kradiation (λ = 1.5406A). The morphology of the samples was observed by a field emission scanning electron microscope (SU8010, Hitachi, Japan). Specific surface area was measured by BrunauerEmmett-Teller (BET) method based on the sorption isotherms obtained on a Quantachrome Autosorb-1 volumetric analyzer.
C. Catalytic experiments
The catalytic activity of our catalysts in the hydrolytic dehydrogenation of AB was determined by measuring the rate of hydrogen generation. If not specified, the catalytic experiments were performed at 308 K. Typically, 10.0 mg catalyst was added in a glass reaction vessel, which was placed into a water bath for maintaining the reaction temperature. Then, 20 mL of mixed solution containing AB (2.8 mmol) and NaOH (20 mmol) was added into the vessel. As soon as the catalyst came into contact with AB solution, many bubbles were generated. The volume of generated gas during the hydrolysis reaction was monitored using the gas burette by water displacement.
III. RESULTS AND DISCUSSION
The obtained Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets were characterized with XRD and the result is shown in Figure 1 , Mg 2+ and Co 2+ will react with basic and the mixed hydroxides are produced. When these mixture are heated, they will lose water to form the oxides. At the same time, Co(I) will be oxidized to Co(III) at high temperature. The Ca 0.5 Mg 0.5 Co 2 O 4 sample is formed via the following reactions: 
(a) (b) (c) (d) (e) (f)
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The Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets were characterized by adsorption-desorption isotherms of N 2 ( Figure 3 ). As displayed, the isotherms can be classified as type IV isotherm in the classification of IUPAC. Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets show adsorption-desorption hysteresis at relative pressure range of 0.45~0.98, demonstrating the existence of the mesopores. It is possible that these mesopores are derived from the gap of different nanoparticles, as shown in Figure 2f . The BET surface area is about 27 m 2 g -1 .
Figure 3. N2 adsorption-desorption isotherms of Ca0.5Mg0.5Co2O4 nanosheets.
It is reported that effect of NaOH may play an crucial role in determining the activity of nanocatalysts in AB hydrolysis, So, the catalytic behaviors of the Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets are investigated in the presence of different NaOH dosage in the reaction system and the results are shown in Figure 4 . As can be seen, when no NaOH is added in the reaction solution, nearly no hydrogen is produced at reaction time of 50 min and only 35 mL hydrogen is generated at reaction time of 60 min. In contrast, the hydrogen production rate is significantly improved in the presence of NaOH. Increase of NaOH dosage in the reaction solution will result in the increase of hydrogen generation rate. At NaOH dosage of 1.6 g, about 175 mL hydrogen is obtained at reaction time of 25 min. Figure 5 shows that the hydrogen evolution when different amount of catalysts is used. As shown, the hydrogen production rate will increase as the increase of catalyst dosage. At reaction time of 20 min, 18 mL, 28 mL, 30 mL, 107 mL and 168 mL hydrogen will be generated when the catalyst dosage is 2.5 mg, 5.0 mg, 7.5 mg, 10.0 mg and 125.mg, respectively. Note that the hydrogen generation rate is slow at the early stage of the hydrolytic reaction, but increases remarkably at the middle state of the reaction. According to the literature, the oxides of transition metal themselves are inactive to AB hydrolysis [24] . However, AB in the hydrolysis system can also act as a reducing agent with mild reducibility and reduce oxides of Co to metallic Co on the catalyst surface, which exhibits high catalytic activity in AB hydrolysis. Due to the low reduction electrode potentials of Co 2+ /Co (-0.28 V vs. SHE), it will take a relative long time for AB to reduce the oxide of Co to metallic state. 24 Thus, a relatively long induction time is necessary for initialized the hydrolysis reaction. It should be noticed that the induction time will decrease as the increase of catalyst dosage. To study the effect of reaction temperature on the hydrogen evolution from AB solution, hydrolytic reaction was carried out in the temperature range from 25 to 45 o C. Figure 5 is the temperature-dependent hydrogen evolution
curves when the Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets act as catalysts. It is found that the hydrogen production rate will increase when the hydrolysis temperature is elevated. For example, at reaction temperature of 25 o C, nearly no hydrogen is released at reaction time of 10 min. In contrast, when the reaction temperature increases to 45 o C, about 190 mL hydrogen is obtained at reaction time of 10 min. This observation is in agreement with many results reported in the literature that rising the temperature is favorable for hydrogen release from AB solution [21, 25] . Figure 6 . Hydrogen evolution at different reaction temperatures.
IV. CONCLUSIONS
In summary, we have prepared a novel catalyst for the AB hydrolysis, Ca 0.5 Mg 0.5 Co 2 O 4 nanosheets composed of nanoparticles. In the hydrolytic reaction, the hydrogen production rate will increase as the increase the NaOH dosage. At NaOH dosage of 1.6 g, the turnover frequency is 4.8 mol hydrogen min -1 mol cat -1 . It is also found that a high catalyst dosage and a high reaction temperature are favorable for the fast hydrogen release from ammonia solution. Considering its high catalytic activity and low cost, the Ca 0.5 Mg 0.5 Co 2 O 4 nanosheet catalyst may find important applications in the catalytic AB hydrolysis for hydrogen production.
